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The pars recta, or proximal straight tubule, is one of the
nephron segments which has been studied to the greatest
advantage with the technique of isolated renal tubule perfusion.
Together with the proximal convoluted tubule and cortical
collecting tubule, the pars recta was used as an example in the
classical description of the technique by Burg et a! [1]. In that
early study [1], the proximal straight tubule was shown to
actively secrete para-aminohippurate (PAH). This transport
process was demonstrated to occur most rapidly in the proximal
straight tubule in a subsequent early study [2] and has been a
distinguishing feature of its function.
Prior to the development of the technique for isolated tubule
perfusion, the transport function of the pars recta could be
assessed only indirectly because of its location within the renal
cortical parenchyma and in the outer region of the medulla. In
view of its histologic similarity to the proximal convoluted
tubule, it was generally assumed that the pars recta exhibited
absorptive and secretory properties which were at least qualita-
tively similar to those in the proximal convoluted tubule. In
fact, total proximal tubule volume absorption was estimated
from the volume absorption rate observed by micropuncture of
the surface of the convoluted segment and extrapolated along
the length of the straight segment [3]. The transport function
was also assessed indirectly by comparison of the composition
of tubular fluid samples obtained from micropuncture of the
latest accessible region of a proximal convoluted tubule to those
from the earliest accessible distal convolution. Although this
approach allowed the assessment of net solute and water
transport rates in the superficial, short loops of Henle, the
transport functions of the component parts of the loop could not
be separated. From another approach, autoradiography, it
appeared that proximal straight tubule cells could accumulate
amino acids to a greater extent than other tubular cells [4, 5],
but this technique is not quantitatively accurate nor can it
define whether the cellular uptake is associated with a secretory
or an absorptive process. Thus, the development of the isolated
tubule technique provided the first opportunity to study directly
the transport function of the pars recta.
In this review we begin with a short discussion of the
morphology of the proximal straight tubule. The emphasis of
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the remainder of the review is on aspects of the transport
function of this segment as assessed by perfusion of isolated
tubules, including: the permeability properties for water and
ions, the mechanism of volume absorption, and a comparison of
glucose and amino acid transport in regions of the proximal
straight tubule with that in the proximal convoluted tubule. The
transport of organic anions and cations in the proximal straight
tubule, in particular the important secretory process for organic
anions, will be covered in this same issue by Grantham [61.
Bicarbonate transport will be reviewed by Warnock and Berry
[7], and phosphate and sulfate absorption by Dennis [8]. The
present review is also restricted to data from the proximal
straight tubule of the rabbit, which is the only mammalian
species that has been used as a source of these segments.
However, there are structural and functional analogues of the
mammalian pars recta in nonmammalian species which have
also been studied by perfusion of isolated tubule segments as
discussed in the review by Dantzler 191.
Morphology
The pars recta, or proximal straight tubule, is defined by its
overall appearance as a relatively straight nephron segment in
contrast to the proximal convoluted segment immediately pre-
ceding it. Although the convoluted and straight portions are
discriminated easily, the transition in external appearance is not
matched by an equivalent histologic transition, nor is the point
of transition the same in superficial and juxtamedullary neph-
rons. Therefore, it is important to begin with a more careful
definition of the morphology of the segments in question.
For superficial nephrons, the proximal straight tubules run
via the medullary rays through almost the entire depth of the
cortex. They continue within the outer medulla to the interface
of the inner and outer stripe at which point there is a relatively
abrupt transition to the thin descending limb [10]. Thus, the
maximum length of the proximal straight tubule of superficial
nephrons is equivalent to the thickness of the cortex plus the
outer stripe of the outer medulla which is a distance of about 4.4
mm in an adult rabbit (2.5 to 4.5 kg [10]). The maximum length
is somewhat less (3.5 to 4.0 mm) in the smaller rabbits (1.5 to
3.0 kg) that are generally used for the dissection of nephron
segments (Table 1). In the juxtamedullary nephron, much more
of the proximal tubule is convoluted in the region of its own
deep glomerulus and the straight portion penetrates the outer
stripe of the outer medulla directly, without entering the
medullary ray. As observed for superficial nephrons, the proxi-
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TabJe 1. Lengths of proximal tubule segments dissected from rabbit
kidneya
Segment
Segment Iength, mm
Adult Young
Superficial nephrons
Total proximal tubule
Convoluted segment
Straight segment
10.6 0.3
6.5 0.2
4.1 0.1
8.7 0.1
5.3 0.1
3.4 0.1
Juxtamedullary nephrons
Total proximal tubule
Convoluted segment
Straight segment
9.2 0.2
8.4 0.2
0.8 0.1
8.0 0.1
7.2 0.1
0.8 0.05
a Adult animals averaged 163 days old with a body weight of 3.5 kg.
Young animals were of the age and size commonly used for dissection
of tubular segments: 82 days, 2.1 kg. (Data shown is from Kaissling and
Kriz [101 and Woodhall et al [11]).
ma! straight tubule ofjuxtamedullary nephrons ends in the thin
descending limb at the juncture of inner and outer stripes, thus
its total length is at most 1.0 to 1.2 mm [10, 11]. Midcortical
nephrons have proximal straight segments of varying length,
intermediate between superficial and juxtamedullary nephrons,
but they lie in the medullary rays [10]. In the earliest studies of
the proximal straight tubule by in vitro perfusion, no distinction
was made between superficial and juxtamedullary segments.
Considering that tubule lengths in these studies were always in
excess of 1.0 mm and usually in the range of 2.0 to 3.0 mm,
these segments were certainly from superficial or midcortical
nephrons; we have made that assumption in this article.
It has been recognized that there are three distinct cell types
in all mammalian proximal tubules that have been examined. In
the rat, based on histologic characteristics, these segments have
been referred to as S1, S2 and S3 cell-types [12]. In the rabbit,
the S1 cells are tall and columnar. They have a deep and dense
brush border (microvillus layer) as the luminal membrane,
numerous elongated mitochondria, and adjacent cells interdigi-
tate elaborately along their lateral borders [10, 12]. In contrast,
the S3 cell has a flatter, cuboidal shape with shorter microvillae,
fewer mitochondria, and more irregular interdigitation with
adjacent cells. The S2 cell is described by Kaissling and Kriz
[101 as "a transitional segment between the very elaborate cells
in S1 and the much more simply organized cells in S3." The
transition between S and S2 is not well-defined but occurs in
the mid to late convoluted segment [10, 11]. The transition
between S2 and S3 occurs in the late straight segment of
superficial nephrons but near the end of the convoluted segment
ofjuxtamedullary nephrons [10, 11]. Thus the proximal straigt
tubule of superficial nephrons is heterogeneous and contaiits
both S2 and S3 cell-types whereas the straight segment of
juxtamedullary nephrons contains only the S3 cell-type. How-
ever, in most studies with superficial proximal straight tubules
it has been customary to trim off the terminal, thinner portion so
that the segment examined, when not otherwise specified, is
probably comprised primarily of the S2 cell-type. Figure 1
presents photomicrographs of the early and late segments of a
superficial proximal straight tubule obtained by differential
interference (Nomarski microscopy). As noted below there are
differences in the transport characteristics of S, S2, and S3
tubule regions and even between the same regions of superficial
and juxtamedullary nephrons. The most striking of the differ-
ences is in PAH transport (see [6]). Woodhall et al [II] have
shown that the PAH secretion rate is far higher in S2 segments
than in either S or S3.
It has been recognized that proximal tubule cells are complex
three-dimensional structures. These cells may be described as
truncated horns with highly folded lateral cell membranes
which interdigitate with adjacent cells [13—18]. Welling and
Welling [13, 14], Welling, Welling, and Simone [15], and
Welling, Welling, and Hill [16] have provided a detailed mor-
phometric analysis and comparison of the sizes and shapes of
S, S, and S3 cell-types as summarized in Table 2. It is
interesting that in all three cell types the lateral membrane
surface area increases markedly in the apex-to-base direction.
In the S and S2 cell-types the lateral membrane surface area
increases at a rate greater-than-exponential (more marked in the
S than S2 cell), whereas the increase is exponential in the S3
cell [14, 151. The very large cell perimeter and lateral membrane
surface near the basal end of the cell is accommodated by fine
trabeculae resembling foot processes [14, 18]. At least in the S
and S2 cells, the brushborder membrane area is equal to the
lateral membrane area and 10 to 20 times larger than the basal
membrane area. The latter is nearly equivalent to the basement
membrane area (Table 2) [14, 15]. Welling, Welling, and Hill
[16] have proposed that the lateral membrane surface area may
reflect rates of volume flow along the intercellular space. Their
analysis suggests a transcellular route for water flow with a
disproportionately large volume flow exiting the cell across the
basilar ends of the lateral membranes [16]. It is also interesting
to note that the rates of volume absorption in S, S2, and S3
segments are in the same ratio as their respective lateral
membrane areas [14—16].
Ion transport properties
The mammalian proximal nephron is an excellent example of
a leaky epithelium both in terms of its high electrical conductiv-
ity and its exceptionally high water permeability. The electrical
resistance of isolated rabbit proximal tubules has been mea-
sured by Lutz, Cardinal, and Burg [19] using cable analysis of
the transepithelial voltage deflections produced by brief current
pulses at the perfusion end of a perfused segment. The transepi-
thelial resistance was calculated to be 7.3 ohm-cm2 in the
proximal convoluted tubule and 8.9 ohm-cm2 in the proximal
straight tubule [19]. These resistances are lower than measured
in any other epithelium [20]. The correspondingly short length
constant of the proximal straight tubule (100 tim) means that
voltages measured between the perfusion pipet and the bathing
solution can reflect only the transepithelial voltage existing near
the tip of the pipet. Thus the transepithelial voltage in principle
may change along the length of the proximal nephron as a
consequence of different rates of electrogenic transport, or as a
consequence of changing transepithelial ion concentration
gradients.
As will be discussed in more detail below, the proximal
straight tubule actively absorbs sodium and bicarbonate (via
proton secretion) and in many ways reflects the classical picture
of an absorbing epithelium. There is considerable evidence that
the low electrical resistance is a consequence of high ionic
permeabilities through the junctional complexes. As expected,
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Fig. 1. Photomicrographs of a superficial proximal straight tubule obtained using differential interference (Nomarski) microscopy in combination
with isolated tubule perfusion. The tubule segment shown was isolated from a rabbit kidney. It originally extended from the cortical surface
through the outer stripe of the outer medulla. The total segment length was 3.8 mm. The tubule was bathed with an artificial solution resembling
rabbit serum and was perfused at a pressure of 8mm Hg with a solution resembling an ultrafiltrate of rabbit serum. The upper photomicrograph was
taken about 0.7 mm from the proximal end and corresponds to the S2 region. The lower photomicrograph was taken about 0.7 mm from the distal
end of the same tubule (a region which was originally in the medulla) and corresponds to the S1 segment. The bar represents 8 . (x 1900)
(Unpublished observations of K. L. Kirk, D. R. DiBona, and J. A. Schafer.)
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Table 2. Dimensions of cells in proximal tubule segmentsa
Proximal tubule segment
Dimension S1 S2 S3
Number of cells per
millimeter
Cell height, p.m
Brush border height, p.m
Brush border membrane area,
p.m2/mm
Lateral membrane area,
p.m2lmm
Basal membrane area,
p.m2/mm
Tight junction perimeter,
urn/mm
a Data given is from Welling and Welling [13, 14] and Welling,
Welling, and Simone [15]. Proximal convoluted tubules were dissected
from the midcortical region and are assumed to be primarily S1
segments. S2 segments were examined in proximal straight tubules
dissected from the juxtamedullary cortex. S3 segments were identified
from sections of kidney fixed in vivo. Area and perimeter data are
normalized per millimeter of tubule length.
the ionic permeability, measured by isotopic tracer methodolo-
gy (Table 3) in conjunction with electrophysiologic methods
(Table 4) are high, but apparently not high enough to account
for the total electrical conductivity. The reciprocal of the
resistance of the proximal straight tubule is its electrical con-
ductance, 0.112 mho/cm2. Since electric current is carried
through the epithelium by ion fluxes, the total epithelial conduc-
tance should correspond to the sum of the conductances for
each of the individual ions. The conductance attributed to each
ion (g) may be calculated as:
g = (z2F2)/(RT) CP (1)
where z is the valence of the ion, C is its average transepithelial
concentration and P is its permeability; F is the Faraday
constant, R is the gas constant, and T is the temperature in °K.
At 37°C, the conductance of each ion is given in mho/cm2 as: g
(3.6 X 106) CP, when C is given in mole/cm3 and P is given in
centimeters per second. For proximal straight tubules bathed
and perfused with solutions resembling rabbit serum and ultra-
filtrate, respectively, and using the permeabilities in Table 3,
the total ionic conductivity can be calculated to be about 0.045
mho/cm2, that is, only about 40% of the total conductance
measured electrically. An almost identical disparity has been
described by Hebert, Culpepper, and Andreoli [30] in the
mouse medullary thick ascending limb for which the electrical
conductance is 0.09 mho/cm2, although the isotopically deter-
mined ionic conductivity is 0.02 mho/cm2. Hebert, Culpepper,
and Andreoli [30, see appendix] have shown that an electrical
conductivity greater than that determined from ion permeability
coefficients would be expected if ionic permeation occurred
through long narrow channels that imposed single-file ion
movements. They further suggested that such channels would
be compatible with the high ionic conductance but low hydrau-
lic conductivity observed in the thick ascending limb [30].
However, since the proximal tubule has high electrical and
hydraulic conductances, their hypothesis would have to be
0.23 [211
0.26 [22]
0.73 [21]
0.75 to 0.87 [23]
0.56 [22]
0.14 [241
0.14 to 0.18 [26]
0.02 [27]
—0.4 [28]
superficial segments; JM, juxtamedullary
modified for this segment. In the proximal tubule, either the
hydraulic conductance of the putative single-file channels must
be high, or water and ions must permeate by separate routes.
There are obvious differences in the permselective properties
of superficial and juxtamedullary proximal straight tubules
which have been attributed to differences in the permeation
pathways of their junctional complexes. Ionic permeabilities
have been assessed not only by isotopic tracer fluxes (Table 3)
but also by electrophysiologic means involving single-salt or
biionic potential measurements. The single-salt dilution method
has been used to determine the relative sodium-to-chloride
permeability ratio (PNa/PCI). By replacing a varying fraction of
the sodium chloride in the perfusate or bathing solution with a
nonelectrolyte such as mannitol, a transepithelial sodium chlo-
ride concentration gradient is produced. When the spontaneous
transepithelial voltage is then inhibited (for example, by oua-
bain or cooling), the sign and magnitude of the resulting dilution
potential (corrected for liquid junction potentials) can be used
to assess PNa/PCI from either the Goldman equation or a
modification of the Henderson-Planck equation [21]. The re-
sults of several such studies are shown in the upper part of
Table 4. It can be seen that there is a marked difference in the
permselectivity of the superficial S2 and juxtamedullary S3
segments. In the juxtamedullary segment, PNa/PCI has been
found to be 1.3 to 2.0, whereas a ratio of 0.27 to 0.45 was found
in the superficial segment. In the superficial S2 segment, the
PNa'PCI ratio obtained from the sodium chloride dilution poten-
tial corresponds closely to the average PNa'PCI ratio of 0.3 to
0.35 obtained from isotopic flux data (Table 3). Single salt
dilution potentials were also measured in both directions in the
superficial proximal straight tubule (that is, with dilution of
perfusate and bath sodium chloride) and with sodium chloride
concentrations varying from 30 to 140 m in the presence of
ouabain or at 21°C [21]. Since the PNa/PCI ratio was found to be
0.3 regardless of sodium chloride concentration, Schafer,
Troutman, and Andreoli [21] suggested that the chloride-selec-
tivity observed in this segment could best be explained by a
neutral permeation site in which the permselectivity was deter-
825
7.0
2.8
Table 3. Ionic permeabilities in proximal straight tubule segments
Permeability, p.m/sec
Ion
825
5.0
1.6
Na
Cl5.6
2.9 x 106 1.5 x 106
Sf-S2 SF-S3 JM-S3
— 0.58 [22]
0.11 x 106 0.11 x l0
0.54 x l0 0.35 x io
— 0.21 122]
—
Phosphate, pH 7.4
2.9 X lO 1.5 >< 10 0.8 x l0 Acetate
Isethionate
Calcium
—
Abbreviations: SF,
segments.
a Permeabilities for K were estimated using both 42K and 56Rb
lumen-to-bath fluxes. It was ascertained that 42K and 86Rb fluxes
were indistinguishable in SF-S2 and JM-S3 segments and the data were
combined [24].
0.10 [24]
0.05 [25]
0.52 [24]
0.05 [25]
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Permeability ratio
Methods SF-S2 JM-S3
Biionic potentials: PHCO = 0.35 [29J PHCO = 0.53 [29]
NaC1 vs. NaCI + NaHCO Pc1 0.04 [211 Pc,
a Methods for the experiments and calculations of the permeability
ratios are described in the text. SF-S2 refers to the early segment of the
superficial proximal straight tubule. JM-S refers to the juxtamedullary
proximal straight tubule.
mined by weak polar groups following the analysis of Barry and
Diamond [31] and Barry, Diamond, and Wright [32] in the gall
bladder.
Biionic dilution potentials have been the only method used to
measure bicarbonate permeabilities in isolated proximal
straight tubules. The biionic potential is developed by opposing
chloride and bicarbonate concentration gradients, again in the
presence of ouabain or hypothermia to obviate the spontaneous
voltage. The tubule is usually bathed with a solution resembling
serum and containing: Nat, 140 to 150 mM; C1, 105 to 115 mM;
and HC03, 25 mrvt. In the perfusate, all or most of the
bicarbonate is replaced by chloride. The orientation of anion
gradients may be reversed by reversing the solutions; however,
because of pH requirements, the permselectivity cannot be
examined over a wide range of bicarbonate concentrations.
Consequently, the voltage changes are low and difficult to
measure precisely especially since the required liquid junction
corrections are nearly as large as the observed voltages. Be-
cause of the above difficulties, the PHCO'PCI ratio measured by
this method has varied from 0.04 to 0.35 in the superficial S2
segment (Table 4). Both extremes are significantly less than the
free solution mobility ratio of 0.58 demonstrating that this
segment is permselective to chloride versus bicarbonate; how-
ever, in the juxtamedullary segment the PHCO3/PcI ratio deter-
mined from biionic potentials is almost identical to the free
solution mobility ratio [29] (Table 4).
Sodium transport. The transport of sodium has been shown
to be active in the superficial S2 segment, and, due to other
similarities, we would expect the same to be true in the
remaining proximal tubule segments. From the measurement of
unidirectional transepithelial 22Na fluxes, the sodium flux
ratio (J/JbI) has been shown to be 1.46 [211 which, from the
Ussing flux ratio equation, would require a transepithelial
voltage + 10 mV (lumen positive) to explain net sodium move-
ment on the basis of passive diffusional permeation. The
transepithelial voltage required is considerably larger than any
measured in the proximal nephron even when the Donnan
voltage is considered. Indirect evidence for active sodium
transport was also obtained in the studies of Lutz, Cardinal, and
Burg [191. They estimated the short-circuit current in the
proximal straight tubule (from the quotient of the open circuit
voltage and the transepithelial resistance) to be about 5.5 j.AI
cm2 which compared favorably to the net sodium flux of 3.9 ,aAI
cm2. However, the most convincing demonstration of active
transport is net transport against an electrochemical potential
gradient. This observation has been made previously for sodi-
um in the proximal convoluted tubule by both in vivo micro-
puncture techniques [33] and perfusion of isolated segments
[34]. More recently, net sodium movement against its electro-
chemical potential has also been observed in the superficial
proximal tubule by a new method of directly collecting and
analyzing the absorbate [35]. In this method, superficial proxi-
mal straight tubule segments are perfused with a solution
resembling an ultrafiltrate of plasma, and the peritubular sur-
face is completely covered by light mineral oil. At 37°C these
segments absorb fluid at a normal rate of 0.35 to 0.50 nI min'
mm1 and the absorbate forms as small droplets on the peritu-
bular surface [35, 361. Under these conditions, the sodium
concentration of the absorbate was found to exceed the average
luminal concentration by about 3 mrs'i. Given the measured
transepithelial voltage (in the range + I to — I mV) net sodium
movement against its electrochemical potential gradient was
demonstrated.
Transport of bicarbonate and chloride. Bicarbonate is also
absorbed actively in the proximal straight tubule and a transepi-
thelial concentration gradient of 10 to 15 mM can be developed.
As is discussed in greater detail in this issue by Berry and
Warnock [7], this process appears to be driven by active proton
secretion. In contrast to HC03, the Cl concentration of
tubular fluid tends to rise along the superficial proximal straight
tubule so that an electrochemical potential gradient favorable to
absorption develops [21, 26—271. When bicarbonate and organic
anions in the perfusate and bathing solution are replaced
completely by Cl, Cl absorption can still be explained by
passive processes: about 50% is due to diffusion and 50% to
solvent drag [23, 371.
Other cations. As discussed in the article by Suki [38] in this
issue, calcium ion is also absorbed actively in the superficial
pars recta by a mechanism which is not inhibited by ouabain. In
contrast to sodium and calcium, potassium appears to be
secreted by all proximal straight tubule segments. Net secretion
of potassium was first observed in the superficial pars recta by
Grantham, Qualizza, and Irwin [39] under conditions where net
fluid secretion was induced in isolated tubules with an occluded
distal end by the addition of PAH to the bathing solution. The
transport of potassium has been examined more recently under
conditions of net fluid absorption by measurement of unidirec-
tional fluxes of 42K and 86Rb [24]. As in most other systems,
42K and 86Rb fluxes were indistinguishable [24]. The unidi-
rectional flux ratios (lumen-to-bath divided by bath-to-lumen) in
the superficial S2 and S3 segments, and in the juxtamedullary S3
segment were: 0.49, 0.41, and 0.78, respectively. Each of these
flux ratios was significantly different from the flux ratio of
approximately 1.08 predicted for all segments on the basis of
the transepithelial voltage and the Ussing flux-ratio equation,
consistent with an active secretory potassium ion transport.
However, ouabain was observed to have no effect on the bath-
to-lumen flux, in contrast to what might have been expected
[24]. Potassium transport has also been examined in the proxi-
mal straight tubule using electron probe microanalysis. Mea-
sured net fluxes were on the order of 2 to 4.0 pmoles mm'
mm' in the secretory direction and were found to be abolished
Table 4. Electrophysiologic determinations of permeability ratios in
proximal straight tubule segments°
Single-salt dilution:
Varying transepithelial
NaCI concentration gradient
'Na — 0.3 [211 PNa — 1.3 [221
P1
—
0.45 [22] Pc1
—
2.0 [29]
0.43 [29]
0.27 [26]
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completely by ouabain added to the bathing solution [401 or
reduced by 0.01 to 1.0 mrvi amiloride in the perfusate [41]. In
spite of these inconsistent effects of ouabain and the implica-
tions regarding the mechanism of net potassium secretion, the
observed rates of net transport would have relatively little effect
on net potassium delivery to the loop of Henle when they are
compared to the net rate of potassium filtration which is about
100 pmoles min per nephron in the rabbit [24, 42]. Due to the
moderate to relatively high potassium permeabilities measured
in all straight tubule segments (Table 3), net potassium handling
would be determined primarily by a relatively large passive
movement ("leak") compared to the active secretory flux. It is
especially interesting to note the much higher potassium perme-
ability of the juxtamedullary S3 segment compared to the
superficial S3 segment (Table 3). If the outer medullary intersti-
tial potassium concentration is elevated above that of the
systemic plasma as appears likely [42, 43], diffusional potassi-
um entry could occur more rapidly in the juxtamedullary
straight segment than in the superficial. Thus passive potassium
secretion would be favored in the juxtamedullary pars recta and
could contribute significantly to a large potassium delivery rate
to the tip of the loop of Henle as has been observed in the rat
[42, 43].
Other anions. In addition to bicarbonate, phosphate and
acetate are also absorbed actively at least by the S2 segment of
the superficial proximal straight tubule. The absorption of
phosphate is discussed in detail in this issue by Dennis [8].
Acetate is actively absorbed at a rate equivalent to about 25% of
the net sodium absorptive rate when this anion is present at 10
m in the initial perfusate [26]. Thus it seems likely that
preferential absorption of organic acids such as lactate, acetate
and citrate may augment the effect of perfrentia1 HC03
absorption in developing the lumen-to-bath Cl gradient along
the proximal nephron [21, 26, 27, 37].
Proteins and small peptides. It has been shown that small
linear peptides are removed from the lumen of the proximal
straight tubule by external hydrolysis at brushborder enzyme
sites followed by absorption of the amino acids liberated [44], as
has been demonstrated for angiotensin II [45] in the superficial
proximal straight tubule. It appears that more complex peptides
and proteins such as albumin are gathered by tubular cells via
endocytosis and subsequently degraded by lysosomes [44, 46].
Hydraulic conductivity
The assessment of the hydraulic conductivity of the proximal
nephron has been a prerequisite for investigating the mecha-
nism of volume absorption. The hydraulic conductivity (Lv)
directly relates the volume flow across the proximal tubule (J,
nI min1 mm') to the net driving force, which can include both
osmotic pressure differences (sir) and hydrostatic pressure
differences (P), as given by the relation:
= L (sir — P) (2)
where L could be given in units of nl min' mm per mm Hg,
that is, a rate of volume absorption per unit of pressure
difference. Obviously, the greater the hydraulic conductivity
the less is the pressure difference that is required to produce a
given rate of volume flow. The hydraulic conductivity is often
expressed as a permeability to water flow (Pf) which is given in
units of micrometers per second and is directly proportional to
the hydraulic conductivity:
P = (RTL)/(Vw) (3)
where V, is the partial molal volume of water, about 18 cm3!
mole.
There are many technical difficulties in measuring Pf in an
epithelium that is leaky to salts and water. As shown by Wright,
Smulders, and Tormey [47], the presence of unstirred solution
layers adjacent to an epithelium can lead to substantial underes-
timates of the water permeability (see also the review of
Diamond [48]). Unstirred solution layers are less of a problem
in the isolated perfused tubule due to geometrical constraints
and the fact that only a single cell layer is involved F27, 37, 491,
but other difficulties are encountered. For example, in assessing
the water permeability of the superficial proximal straight
tubule, Schafer et al [50] produced an osmotic difference across
the epithelium by perfusing the tubule with a dilute (270 mOsm!
liter) bicarbonate buffer solution while bathing it in a normal
(290 mOsm/liter) serum-like buffer. As a consequence of the
osmotic gradient, volume absorption occurred even when the
tubule was perfused at 25°C to prevent any significant active
volume absorption. Although one should in principle be able to
calculate Pf from the observed water flow, the problem is that
the water flow is so rapid that the osmotic gradient is dissipated
in a short distance along the perfused length. Thus, while the
initial perfusate is 270 mOsm/liter, it rapidly approaches 290
mOsm/liter along the length of the perfused segment so that a
portion of the perfused tubule would have no osmotic gradient
and as a consequence no volume flow. One solution to the
problem would be to use very short tubule lengths so that the
osmotic gradient would be nearly the same along the entire
perfused length. However, the accurate measurement of vol-
ume absorption is compromised severely in that situation.
Alternatively, the tubule can be perfused at very rapid rates to
reduce the rise in luminal osmolality and in effect recruit
additional length of tubule exposed to the osmolality difference.
At an infinitely high flow rate the luminal osmolality would
theoretically remain unaltered along the entire perfused length.
Obviously, this limit cannot even be approached experimentally
but it may be approximated by extrapolation. An analysis of a
series of experiments designed to allow such an extrapolation is
shown in Figure 2. Proximal straight tubules were perfused at
varying rates with the dilute solution and the net volume
absorption was measured at 25°C. The data in Figure 2 show the
reciprocal of the measured volume absorption plotted as a
function of the reciprocal perfusion rate. It is readily seen that
the volume absorption varied directly with the perfusion rate.
Extrapolation of the data in Figure 2 to an infinite perfusion rate
(zero reciprocal) provided an estimate of the maximal volume
absorption which would have occurred had it been possible to
maintain an osmotic gradient of 20 mOsm/liter along the entire
perfused length. The Pf estimated from this extrapolation was
—-5,000 gm/sec [50]. This estimate has a large associated error
due both to scatter in the original data and to the assumption of
a linear relation between the reciprocals. However, a lower
limit for Pf could also be calculated from the highest measured
volume absorption rate, which was obtained at the highest
perfusion rate of 40 to 45 nl/min (0.25 min/nl reciprocal
perfusion rate in Fig. 2). In this situation, the average transepi-
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Fig. 2. Reciprocal of the rate of transepithelial volume flow plotted as a
function of the reciprocal perfusion rate. Tubules were bathed at 25°C
in a solution resembling serum, 290 mOsmoles/liter. The perfusate was
similar to an ultrafiltrate of the bathing solution to which water had been
added to reduce the osmolality to 270 mOsmoles/liter. Data came from
1501.
thelial osmolality difference is less than 20 mOsm/liter and the
calculated P of —2,200 .tm/sec is therefore an underestimate
[50]. Similar measurements in the proximal convoluted tubule
[51] have shown that this segment as well as the straight
segment have osmotic water permeabilities of at least 2,000 sm/
sec and probably nearer to 3,500 gm/sec.
The hydraulic conductivity or Pf measured for the whole
epithelium is calculated from total transepithelial water flow
and therefore includes the water permeabilities of transcellular
and paracellular routes as well as that of the basement mem-
brane in series with the cell layer. Welling and Grantham [521
have measured the water flow permeability of the isolated
basement membrane of the late proximal straight tubule to be
—470cm/see, that is, more than two orders of magnitude higher
than Pf for the intact epithelium. Furthermore, they showed
that the basement membrane was penetrated even by solutes as
large as serum albumin [52]. Thus water flow across the
epithelium is limited by the cell layer and osmotic gradients
exerted their effect exclusively across this barrier and not the
basement membrane. However, the pathway for volume flow
within the cell layer is still uncertain. On the basis of their
morphologic findings (see above), Welling and Welling [141 and
Welling, Welling, and Hill [16] have proposed that the majority
of water flow across the proximal nephron occurs transcellular-
ly. Alternatively, it has been argued that a major fraction of the
transepithelial water flow traverses the junctional complexes
and intercellular spaces [23, 27, 37]. The basis for this argument
is twofold. First, as will be discussed in detail in the next
section, relatively high rates of volume absorption can be
produced in proximal tubule segments in the presence of
opposing concentration gradients of solutes such as chloride
and bicarbonate as a consequence of their differing reflection
coefficients [27, 37]. Because cell membranes have reflection
coefficients that are indistinguishable from 1.0 for all nonlipid-
permeant ions, we would expect that the reflection coefficient
discrimination, and thus the water flow would occur across
junctional complexes [27, 37]. Second, the passive absorption
of chloride involves a substantial component due to solvent
drag, implying that a major fraction of the water flow occurs
through a site having a chloride reflection coefficient substan-
tially less than 1.0 [23, 261. Again, a chloride reflection coeffi-
cient less than 1.0 would not be compatible with what is known
about most cell membranes.
The hydraulic conductivity of the proximal nephron and the
pathway for volume absorption are important considerations in
describing the mechanisms involved in volume absorption and
the control of those mechanisms. From the experiments men-
tioned above, we know that the Pf of the superficial proximal
straight tubule (and also that of convoluted tubule) lies between
2,200 and 7,000 sm/sec [50, 51]. This parameter when ex-
pressed in permeability units has little intuitive significance.
However, when converted to units of hydraulic conductivity, a
conservative estimate of Pf at 3,000 sm/sec would mean that a
volume flow of -—0.25 nl min' mm could be produced for
each milliosmole per liter of osmolality difference. Thus the
total volume flow of 0.4 to 0.5 nI mm1 mm' normally
observed in the superficial proximal straight tubule could be
produced by a 2 mOsm/liter osmotic gradient across the epithe-
hum. In contrast, each millimeter of mercury of hydrostatic
pressure difference would produce a volume flow of only —0.01
nI min' mm1. Since transepithelial hydrostatic pressure dif-
ferences are certainly less than 10 mm Hg both in vivo and
during in vitro perfusion, hydrostatic pressure differences may
be neglected as a significant driving force for volume absorption
in the proximal nephron.
Volume absorption and transepithelial voltages
The rate of net volume absorption (J) and the transepithelial
voltage (Ye) have been measured in the superficial proximal
straight tubule with a variety of natural and artificial media as
the perfusate and bathing solutions. Table 5 summarizes results
for both parameters. The values given are the ranges of mean
values reported in the studies referenced. The transepithelial
voltages reported here are those which were observed without
correction for junction potentials. Since in all the cases listed in
Table 5 the bathing solution contained protein (usually 6 g/dl
bovine serum albumin in the artificial media) whereas the
perfusates did not, there were differences in the concentrations
of small mobile ions (principally sodium, chloride, bicarbonate,
and potassium) between the perfusate and bath imposed by the
resulting Donnan distribution [581. If appropriate corrections
had been made for the junction potentials, the transepithelial
voltage would actually be +1.5 to +2.5 mY higher. Thus in all
of the cases listed in Table 5 the true transepithelial voltage was
probably lumen-positive. We have presented the uncorrected
values for easier comparison of most published voltages and
because appropriate data for the calculation of the junction
potentials were not provided in most of the original reports. We
think it important that, in the future, investigators present
measured solution compositions and adjust their observed
transepithelial voltages by the appropriate liquid junction
potentials.
Volume absorption and transepithelial voltage have also been
measured for the superficial and juxtamedullary S3 segments in
a limited number of studies. In both segments, J is comparable
to that in the superficial S2 segment (0.4 to 0.6 nI min mm');
however, when artificial solutions resembling serum and ultra-
filtrate are used as the bath and perfusate, respectively, trans-
epithehial voltages tend to be more lumen-negative in S3 seg-
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Table 5. Volume absorption rates and transepithelial voltages in the superficial proximal straight tubule: Effect of solution composition
Bath composition
Rabbit serum
Rabbit serum
Artificial serum
Rabbit serum or
artificial serum
Perfusate
composition
Serum ultrafiltrate
Low bicarbonate
ultrafiltrate
Artificial
ultrafiltrate
Late proximal
tubule fluid
Transepithelial
voltage
mV
—1.0 to —2.1
References
21, 22, 25, 53
54, 55
55
21, 56, 57
22, 27, 37
Bicarbonate-free Bicarbonate-free no
(gassed with 02) organic solutes 0.18 to 0.22 0.8 to —1.0 23, 58
a All results were obtained at a temperature of 37 to 38°C. Composition of perfusate and bathing solutions is explained in the text, Transepithelial
voltages are given as observed without correction for liquid junction potentials.
ments even after correction for liquid junction voltages [22, 24,
59]. In the remainder of this section, however, we refer only to
results in the early superficial proximal straight tubule (S2
segment) because of the preponderance of data from these
segments.
Volume absorption during in vitro perfusion is most common-
ly measured as the difference in perfusion and collection rates
normalized per millimeter of tubule length. When segments of
superficial proximal straight tubule are bathed and perfused
with rabbit serum and an ultrafiltrate, respectively, volume
absorption is generally reported to be in the range of 0.42 to 0.60
nl min mm with an observed transepithelial voltage of —1.0
to —2.1 mV (Table 5, first row). To permit better definition of
the composition of the perfusate and bathing solutions and to
allow variations in their composition, artificial solutions have
been used in many studies. Of course, this flexibility is one of
the primary advantages of the in vitro perfusion method. In
most cases, the basic perfusate resembles rabbit serum or a
basic Krebs-Ringer bicarbonate solution (pH 7.4) which, in
addition to the usual constituents, contains: 5 to 8.3 mM D-
glucose, 5 mvi of an amino acid (usually alanine), and varying
concentrations of organic acids such as acetate, lactate and/or
citrate. The typical artificial bathing solution is similar to this
perfusate except that it contains in addition 5% bovine serum
albumin. Using these artificial solutions, reported transepithe-
hal voltages and rates of volume absorption are comparable to
those observed with rabbit serum and ultrafiltrate '(compare
rows 1 and 3 in Table 5). Using either the "natural" or artificial
perfusing and bathing solutions, it has been observed that both
net volume absorption and the electrogenic component of the
transepithelial voltage can be reduced to zero by the addition of
0.01 to 0.1 mvs ouabain to the bathing solution,, or by cooling to
20 to 25°C [21, 27, 371.
Volume absorption has also been measured using two alter-
native methods. In the first method, developed by Grantham,
Qualizza, and Welling [60] and Grantham et al [611, the isolated
proximal straight tubule is cannulated for perfusion but the
distal end is crimped. Volume absorption is then measured by
the rate of perfusate disappearance and has generally been
lower (0.17 to 0.33 nI min mm [39, 60, 611) than that
observed during conventional perfusion. In the second method,
developed recently by Barfuss and Richey [361, isolated seg-
ments of proximal straight tubule are perfused, as described
above, with an artificial solution resembling an ultrafiltrate of
plasma while they are immersed totally in light mineral oil
which takes the place of the usual bathing solution. At 37°C
these tubules are observed to form droplets of absorbed fluid on
their peritubular surface. These droplets can be sampled at
intervals and analyzed [35, 36, 62]. The volume absorption rate
under these conditions, as estimated either from the rate of
absorbate formation or by the difference in perfusion and
collection rates, was the same (0.48 nl min' mm') as ob-
served in normally perfused tubules and was inhibited by
cooling [36, 62].
Under conditions of normal perfusion in aqueous bathing
solutions, bicarbonate does not appear to be essential for
volume absorption. When bicarbonate is omitted from the
perfusate and/or bathing solution by replacement with chloride,
we have found no effect on J, [21]. Other laboratories have
reported a 20 to 36% decrease in J when chloride replaces
bicarbonate in both the perfusate and bathing solutions [55, 56].
Carbonic anhydrase inhibitors reduce 1. by about 50% but only
when bicarbonate is present in the solutions [26]. These results
have been interpreted to indicate that one half of the anion flux
accompanying sodium absorption is due to HCO3 [26], which
is consistent with directly observed rates of bicarbonate absorp-
tion [29].
In contrast to results in the proximal convoluted tubule [63—
65], selective removal of both glucose and alanine (the only
amino acid) from an artificial ultrafiltrate had no effect on
volume absorption or transepithelial voltage in the superficial
proximal straight tubule [21, 58]. However, when all organic
solutes (glucose, alanine, and acetate) were omitted from the
perfusate, volume absorption was reduced to about one-half
normal [58]. The effects of organic solutes on J,. and Vein the
convoluted tubule have been attributed to enhancement of
sodium entry across the apical membrane of proximal tubule
cells which is engendered by cotransport mechanisms [63—65].
However, the rates of glucose and amino acid absorption in the
proximal straight tubule are significantly less than those ob-
served in the convoluted segment [59, 66, 671, and hence one
might expect that the fraction of apical sodium entry which is
Volume absorption
rate
ni mm mm
0.42 to 0.63
0.40
0.36 to 0.46
0.31 to 0.41
1.1 to 1.4
+2.0 to +3.1
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dependent on cotransport with organic solutes is correspond-
ingly less in the straight segment. It is interesting in this regard
that the rate of volume absorption observed in the convoluted
segment without bicarbonate and organic solutes in the perfus-
ate [651 is comparable to that observed in the proximal straight
tubule with or without glucose, alanine and/or bicarbonate [21,
26, 58]. Perhaps in the proximal straight tubule apical sodium
entry occurs primarily by conductive sodium pathways and/or
Na-H antiport [68, 69] so that removal of organic solutes
from the perfusate has little effect. However, the intrinsic
sodium transport capacity may also be significantly less in the
straight tubules as evidenced by the fact that the activity of
Na,KtATPase (per millimeter of tubule length) in the pars
recta is about one third of that in the convoluted segment [70,
71].
To date only one hormone, PTH, has been shown to have any
direct effect on volume absorption or transepithelial voltages in
the proximal straight tubule. This might be expected since
adenylate cyclase activity in isolated proximal straight tubule
segments has been shown to be enhanced by PTH, but not by
ACTH, arginine vasopressin, calcitonin, or isoproterenol [72,
73]. Dennis, Bello-Reuss, and Robinson [55] observed that PTH
reduced J, in the superficial proximal straight tubule by 30% but
had no effect when bicarbonate in the perfusing and bathing
solution was replaced by chloride, lino and Burg [571 have also
observed a similar decrease in J,. accompanied by a 50%
reduction in bicarbonate ion absorption by this segment. Thus
the diminution in volume absorption may be a consequence of
the inhibition of bicarbonate absorption.
Although norepinepherine and isoproterenol stimulate vol-
ume absorption in the isolated perfused proximal convoluted
tubule, norepinepherine was found to have no observable
effects in the pars recta [74]. Recently, Knepper and Burg [75]
have observed a 67% enhancement of J in S2 segments isolated
from kidneys of rabbits which had been treated with deoxycor-
ticosterone acetate (DOCA) for 9 to 12 days prior to the
experiment, despite the fact that this treatment was not associ-
ated with any increase in the Na,K-ATPase. However, this
effect of DOCA was shown to be dependent on the retention of
salt and water accompanying the drug administration and was
not the result of a direct stimulation of salt and water transport
by the hormone [75].
"Passive" driving forces for volume absorption
Interest in the mechanism of volume absorption in the pars
recta has assumed special significance because of the demon-
stration that it may be driven in part by transepithelial solute
concentration gradients which are developed by the preferential
absorption of bicarbonate and organic solutes earlier in the
nephron. Because of the active absorption of bicarbonate,
glucose, and amino acids in the early proximal convoluted
tubule, the tubular fluid in the late proximal convoluted tubule
and pars recta has low concentrations of these solutes and a
correspondingly high concentration of sodium chloride. Recog-
nizing these facts, Rector et al [76] suggested that the lumen-to-
bath sodium chloride gradient in the late proximal nephron
might produce sodium chloride absorption exclusively by pas-
sive diffusion and solvent drag. Volume absorption was hypoth-
esized to continue as a result of either or both of the following
mechanisms: (1) the loss of luminal osmoles as a consequence
of passive sodium chloride diffusion from the lumen; or (2) the
fact that the reflection coefficient of sodium bicarbonate ex-
ceeded that of sodium chloride, as observed in these [77] and
subsequent studies [27, 37, 78]. In either case, volume flow
would not be directly dependent on active solute transport, and
was therefore, referred to as "passive." Subsequently, evi-
dence favoring the latter mechanism was provided as will be
discussed below [27, 37].
Since the proposal and demonstration of the feasibility of
passive salt and water movements, there has been continued
discussion about the fraction of proximal tubule volume absorp-
tion that could be driven by this mechanism. The major point of
this section will serve to demonstrate that passive volume
absorption can contribute relatively little to the total volume
absorption in any segment of the nephron. To be sure, the
nature of the transepithelial osmotic gradient along the nephron
changes as the composition of the tubular fluid changes; howev-
er, continued fluid absorption is almost completely dependent
on continued active solute transport. If solutes were not contin-
uously transported actively, out of the lumen, rapid movement
of water would abolish the osmotic driving force developed by
the solute asymmetry.
The demonstration of "passive" volume absorption was
made in the proximal straight tubule by means of the following
experiment [271. Isolated superficial S2 segments were bathed
in an artificial solution resembling rabbit serum. This solution
contained 25 mM NaHCO3, 8.3 mivi D-glucose and 5 m L-
alanine as well as the usual constituents. The perfusate was
made to resemble tubular fluid which was expected to be
present normally in these segments: all but 3 to 4 m NaHCO3
was replaced by sodium chloride, and glucose and alanine were
replaced by urea. It is important to note that the absolute
osmolality (that is, the osmolality measured by freezing point
depression) of both the perfusate and bathing solution was 290
mOsm/liter. The tubules in these early studies [27, 37] were
perfused at 10 to 12 nI/mm. As indicated in Table 5 (fourth row)
under these conditions, volume absorption (J) was 0.41 0.05
nI min mm', that is, the same as observed with an "ultrafil-
trate-type" perfusate. The important observation, however,
was that when 0.1 mrvi ouabain was added to the bathing
solution, or when the tubules were cooled to 21 to 23°C, J
continued at about 50% the normal rate [27, 37] rather than
stopping completely as observed when using the ultrafiltrate-
type perfusate. It was proposed that the remaining volume
absorption was due to passive driving forces resulting from
unequal bicarbonate and chloride reflection coefficients, which
rendered the luminal solution effectively hypotonic [27, 37].
As noted above, the continued volume flow in the absence of
active transport could have been produced by the loss of
luminal solute due to outward sodium chloride diffusion. How-
ever, given an average combined sodium chloride permeability
of no more than 0.4 gm/sec (Table 3), and an average transepi-
thelial sodium chloride concentration gradient of at most 10
m, one can calculate that the diffusive absorption of sodium
chloride would occur at a rate of only about 14 pmoles min
mm. This rate of solute loss would produce an isosmotic
volume absorption of less than 0.1 nI min mm, that is, no
more than 50% of the observed rate. On the other hand, as
pointed out by Rector et al [76] and Kokko [79], if the reflection
coefficient of sodium chloride was less than that of bicarbonate,
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Fig. 3. Volume absorption rate and absolute luminal osmolality along
the length of perfused proximal straight tubule as predicted by a
mathematical model [78]. Solutions are given for perfusion rates of 12
or 30 nI/nun. The bathing solution resembles rabbit serum, and the
perfusate resembles late proximal tubule fluid; it Contains <4 mM
HC03 and no organic solutes. No active solute transport is assumed.
The transport parameters, estimated by previous measurements, were
as follows: permeabilities: Na = 0.23, CL = 0.73, HCO1 = 0.20 jim!
sec [21, 29]; reflection coefficients: Na = 0.91, CL = 0.70, HCOI =
0.95 [27, 37, 77]; osmotic water permeability = 3,500 jim/sec 1501.
Model predictions of net volume absorption rate are compared to
experimental findings in the upper righthand side of the figure.
glucose and alanine, the luminal perfusate would have an
effective osmolality which was less than that of the perfusate.
This effective osmolality difference would provide a driving
force for volume absorption. It should be recognized that, even
if the absolute osmolality of the perfusate exceeded that of the
bathing solution, an osmotic gradient favorable to water absorp-
tion could be present if solutes of higher reflection coefficient
were predominant in the composition of the bathing solution
compared to the perfusate. This is an important point in
understanding the series of experiments to be described next.
As Kokko [79] recognized, whenever there is an osmotic
imbalance between the perfusate and bathing solution, whether
it is due to an effectively dilute perfusate as in the experiments
above or an absolute dilution of the perfusate as in the experi-
ments shown in Figure 2, the resulting volume absorption
should be flow-dependent. We [78] have recently demonstrated
this flow dependence in experiments similar to those described
above where the perfusate contained a low bicarbonate concen-
tration and no glucose or amino acids. In this case, however,
volume absorption was measured at perfusion rates of -=12, 22
and 30 nI/mm. As observed previously [27, 37], at 38°C with a
perfusion rate of 12 nI/mm in proximal straight tubules with an
average length of 2.4 mm, J, was 0.42 nI min mm and
decreased to 0.18 in the presence of ouabain [781. However, J,.
in both circumstances increased markedly as the perfusion rate
increased. At a perfusion rate of —30 nl/min, J,. was 0.70 nI
min mm1 and was reduced only to 0.42 by ouabain [78].
Similar observations have been reported by Green, Moriarty,
and Giebisch [801 using almost the same protocol during simul-
taneous in vivo perfusion of rat proximal convoluted tubules
and peritubular capillaries, and using cyanide rather than oua-
bain to inhibit active volume absorption.
The interpretation and importance of this dependence of
volume absorption on perfusion rate with the use of asymmetri-
cal solutions can best be appreciated by comparing the experi-
mental findings to the predictions of a mathematical model.
This model, which has been described in detail elsewhere [78],
relates transepithelial volume flow and the effective transepi-
thelial osmolality along a length of a perfused proximal tubule to
the rate of perfusion using previously measured estimates of
parameters such as solute permeabilities, reflection coeffi-
cients, and the hydraulic conductivity. While the precise pre-
dictions of the model are dependent on the choice of values for
these parameters, the differences are quantitative and do not
affect the qualitative appreciation of what is happening. In
Figure 3, the absolute osmolality of the luminal perfusate is
plotted along the 2.4 mm length (the same as used for the
experiments above) of a hypothetical proximal straight tubule
perfused with a solution containing a low bicarbonate concen-
tration and no organic solutes in the absence of active transport.
Thus the perfusate is hypothetically dilute due to reflection
coefficient differences. As shown in the upper part of Figure 3,
the volume absorption rate is initially very rapid due to the
effective osmolality difference at the perfusion end of the
segment. But due to this rapid water flow, the osmolality of the
luminal perfusate rises rapidly. Thus the effective osmolality
difference decreases and the volume absorption rate decreases
proportionately. From the values of the reflection coefficients
chosen for this model solution [791, osmotic equilibration is
predicted when the perfusate reaches an absolute osmolality of
296.8 mOsm/liter. At a perfusion rate of 12 nllmin, osmotic
equilibration is predicted to occur within the first millimeter of
the perfused length! At a perfusion rate of 30 nllmin, osmotic
equilibration is delayed along the length but still occurs before
the end of the perfused 2.4 mm segment. Volume absorption
continues at a greatly reduced rate (-=0.1 nI/mm) after osmotic
equilibration due solely to the slow diffusion of sodium chloride
outward (see above). The volume absorption rate that would be
predicted for the total perfused length at each perfusion rate is
equal to the integrated area under the volume absorption curve
(shaded areas in top part of Fig. 3) divided by the 2.4 mm
length. These integrated volume absorption rates are shown in
Figure 3 (upper right) and are compared to the experimentally
measured rates. From this analysis, and from the experimental
data, it is apparent that the effective luminal hypotonicity is
rapidly dissipated and would never truely contribute to volume
absorption in the in vivo situation. A small component of
volume absorption could occur "passively" only as a conse-
quence of outward sodium chloride diffusion [76].
In the analysis presented in Figure 3, we had assumed no
active transport—a situation presumably analagous to the ex-
periments in which volume absorption was measured in the
presence of ouabain or hypothermia. We next consider the
effect of adding active sodium absorption on the volume absorp-
tion. It has been shown that volume absorption continues at a
rate of about 0.2 nl min' mm even when bicarbonate and
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organic solutes are omitted from the perfusate and bathing
solution and no sodium chloride gradient is present (see Table
5, last row, and [58]). We have attributed this continued
absorption to the presence of simple, rheogenic active sodium
transport at a rate of about 5.2 pEq sec cm2 (28 pEq min'
mm [58]). The model predictions are shown in Figure 4 (in the
same format as for Fig. 3) for the case when this rate of active
sodium transport is added. In this situation, continued solute
removal from the lumen, due primarily to active sodium trans-
port and to a lesser extent to sodium chloride diffusion,
maintains the effective luminal osmolality about 1.2 mOsm/liter
below that of the bathing solution. This effective dilution of the
lumen is sufficient to sustain a volume absorption rate of —0.32
nI min mmt at points beyond the initial osmotic adjustment.
As before, the integrated volume absorption from the model
showed a good correspondence to the measured volume ab-
sorption rates (Fig. 4, upper right). On the basis of these
experimental and theoretical results, Green, Moriarty, and
Giebisch [80] and Schafer et al [781 have argued that active
solute transport must be responsible for the majority of the
volume absorption even in the late proximal nephron. The
sodium chloride gradient, by favoring outward sodium chloride
diffusion, enhances the rate of volume absorption but to a
relatively minor extent. The importance of the difference in the
solute composition of tubular fluid for the late proximal neph-
ron is not in the generation of an osmotic force, but in the nature
of that force. Although the tubular fluid in the late proximal
nephron may have a measured osmolality which is equal to or
greater than that of the plasma (and presumably interstitial
fluid), it remains effectively hypo-osmotic due to continued
active sodium absorption [78, 80].
Transport of sugars and amino acids
Earlier free-flow micropuncture and microinjection studies
have shown that at least the short ioops of Henle absorb glucose
and amino acids, presumably in the pars recta segment [81—8411.
Although the magnitude of sugar and amino acid absorption in
the loop of Henle was far less than in the proximal convoluted
tubule [83—851, it has been suggested that the pars recta
provides a necessary "overflow" system which can maintain
virtually complete proximal glucose reabsorption even when
the filtered load is substantially increased [83, 84].
The use of the isolated perfused tubule technique has now
established that the pars recta is indeed capable of active
glucose [59, 661 and amino acid absorption [67], although the
maximal transport rates are substantially less than in the
convoluted tubule [59, 66, 67, 86—88]. However, the pars recta
is adapted so that the active transport mechanisms can establish
nearly zero luminal glucose and amino acid concentrations.
This capability is highly dependent on the lower passive leak
permeability and the higher affinity of the active transport sites
in the straight as compared to the convoluted segment.
The active transport of glucose and amino acids has been
demonstrated in isolated rabbit proximal convoluted and
straight tubules both by comparison of unidirectional fluxes [59,
67] and, in the case of glucose [66], by net flux measurements. It
has been shown that, over a wide range of solute concentra-
tions, the lumen-to-bath flux greatly exceeds the bath-to-lumen
flux for both glucose [59] and glycine [67]. Results with the
isolated perfused tubule have also been used to demonstrate
that the active process producing the net absorption is located
in the luminal membrane. During measurement of lumen-to-
bath fluxes of D-glucose and glycine, it was found that the
intracellular solute concentrations were far higher than in the
perfusate despite the fact that the bathing solution concentra-
tion was zero [59, 66, 67]. These results provided direct
confirmation for the brushborder localization of the active site
proposed in studies with isolated membrane vesicles.
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Fig. 5. Dependence of lumen-to-bath unidirectional flux of glucose on
the mean luminal glucose concentration in superficial proximal tubule
segments. Data are given for the proximal convoluted tubule (S1, •)
and proximal straight tubules (52 [•] and S [0] segments). Curves
were generated using equation 4 and values for kinetic parameters listed
in Table 6 for the various proximal tubule regions. Inset shows fluxes at
mean luminal concentrations less than 2.0 m. Data are from Barfuss
and Schafer [59].
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Fig. 4. Predicted volume absorption rate and luminal osmolality in the
presence of active transport. Conditions assumed are exactly the same
as described in the legend to Figure 3 except in this case an active Na'
transport rate of 5.2 pmoles sec cm2 is assumed [58]. Perfusion rates
of 12 or 30 nI/mm were used. See ref. 78 for further details.
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Fig. 6. Dependence of lumen-to-bath unidirectional flux of glycine on
the mean luminal glycine concentration in superficial proximal tubule
segments. Data are given for proximal convoluted (S1, •) and straight
(S2, S) tubules. Curves were generated using equation 4 and values for
kinetic parameters tested in Table 6 for the two regions of the proximal
tubule. Inset shows fluxes at mean luminal concentrations less than 2.0
m. Data are from Barfuss and Schafer [67].
Net active sugar and amino acid transport have also been
demonstrated in superficial proximal straight tubules perfused
under oil so that absorbate may be collected directly as de-
scribed above. Using D-glucose [62], the sugar analogue a-
methyl-D-glucoside (Barfuss and Schafer, unpublished obser-
vations), and the amino acid analogue cycloleucine [62], we
observed that concentrations of these solutes in the absorbate
were four- to fivefold higher than in the perfusate. Furthermore,
intracellular concentrations of the nonmetabolizable solutes a-
methyl-D-glucoside and cycloleucine were higher than in either
external solution, again supporting a luminal membrane loca-
tion for the active transport site (Barfuss and Schafer, unpub-
lished observations) [62].
From kinetic analyses of the unidirectional lumen-to-bath
flux (J'1') for both glucose (Fig. 5) and glycine (Fig. 6), it was
apparent that both fluxes are described by the sum of two
parallel transport processes: a diffusional mechanism character-
ized by an apparent permeability (k) and the active transport
mechanism [88]. The active transport exhibited classical Mi-
chaelis-Menten kinetics with a maximum transport rate (Jmax)
and a Michaelis constant (Km). Thus the lumen-to-bath flux was
expressed as:
jib = (Jmax Ci)/(Km + Ci) + kC1 (4)
where is the mean luminal glucose or glycine concentration.
In contrast to jib, the bath-to-lumen flux (Jbi) for both glycine
and glucose was found to be a linear function of the bathing
solution concentration as would be expected if the backflux
were purely diffusional [59, 67, 89] with an apparent permeabili-
ty k:
jbi_k.C (5)
where Cb is the solute concentration in the bathing solution.
For both glucose and glycine, k was estimated from lumen-to-
bath fluxes both by nonlinear fitting of the data to equation 4 or
by the dependence of jib on C1 for high luminal concentrations
max
mm mm
Km, mM
k
pmole mm mm 'mM 0.15 0.074 0.036 1.00 0.25
p.m/sec 0.033 0.015 0.009 0.19 0.04
C1,mM a Summary of values for maximal transport rate (Jmax), Michaelis-
Menten coefficient (Km) and passive permeation flux coefficient (k) for
glucose and glycine in the various regions of the superficial proximal
tubule. Data were taken from Barfuss and Schafer [59, 67].
[59, 671. Both estimates of k agreed well with estimates ob-
tained from bath-to-lumen fluxes using equation 5, thus sup-
porting the existence of a symmetrical, presumably diffusional,
leak pathway.
Table 6 shows estimates of jmax, Km and k for glucose and
glycine in the various regions of the superficial proximal
nephron which were obtained by nonlinear regression analysis
of the data in Figs. 5 and 6. It can be seen that for both solutes
there is a pattern of high transport capacity (Jmax) and moderate
affinity (higher Km) in the early proximal nephron, with higher
affinity (low Km) but lower transport capacity in the late
segments. The difference in Km'S has also been confirmed by
Turner and Moran [90] using isolated rabbit cortical brush-
border membrane vesicles. They have found that membrane
vesicles derived from the outer cortex (primarily from convolut-
ed tubules) have a relatively high Km for the transport of D-
glucose compared to those from the outer medulla (primarily
from proximal straight segments). Furthermore, Turner and
Moran [911 have shown that the difference in Km relates to a
difference in the sodium: glucose stoichiometry in the two
vesicle populations. The outer cortical vesicles have a 1:1
stoichiometry whereas the outer medullary vesicles have a 2:1
stoichiometry.
Since the active transport mechanism is shunted by a passive
"leak" permeation pathway, presumably via junctional com-
plexes, only a finite transepithelial concentration gradient can
be developed for glucose or amino acids. Thus the permeability
of the leak pathway becomes a primary determinant of the
efficiency of organic solute recovery. It is interesting to note
that the leak permeabilities (k in Table 6) for glucose and
glycine are far lower in the proximal straight segments than in
the convoluted segments. Given the Jmax and Km parameters
(Table 6) for the proximal straight tubule, we have calculated
that the luminal concentration of glucose can be reduced to less
than 0.01 m and that of glycine to less than 0.08 mM [59, 67,
891. This extent of reabsorption of both solutes is sufficient to
explain their total renal conservation without the necessity of
more distal absorptive processes. In contrast, due to its higher
leak characteristics, the convoluted segment can explain only
partial reabsorption of glucose and amino acids reardIess of
flow rate. Thus the comparison of organic solute transport in
the segments of proximal nephron follows the general dictum
E
C
E
C
C.
-
'C
>.
Table 6. Values of kinetic parameters for saturable transport and
passive leak of glucose and glycine in various segments of superficial
proximal tubulea
Glucose Glycine
5, S2 S3 5, S2
0 10 20 30 40
Mean luminal glycine concentration, C1, ruM
83.2 12.9 7.9 28.5 2.5
1.64 0.7 0.35 11.8 0.7
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for the nephron as a whole. The early (convoluted) region is
adapted for rapid bulk absorption against small transepithelial
concentration gradients whereas the more distal (straight) seg-
ment exhibits lower transport rates but can establish the largest
transepithelial concentration gradients.
Glomerulotubular balance may also be explained partially by
the absorption of organic solutes in the proximal tubule. Since
organic solutes and sodium are absorbed together, it would
appear that the availability of organic solutes could explain their
influence on volume absorption as has been shown for the
convoluted tubule [65]. An increase in glomerular filtration rate,
and thus, an increase in delivery of organic solutes to the
proximal convoluted tubule would recruit more tubule length
for organic solute absorption and increase the mean luminal
organic solute concentration over the length of tubule involved.
This combined effect of length recruitment and increased mean
luminal concentration, as a result of increased delivery rate,
could result in more sodium absorption by cotransport with the
organic solutes [92].
The use of isolated renal tubule segments to examine renal
amino acid absorption has pointed out another potentially
important transport route in the proximal straight tubule. In this
segment, amino acid active transport into the tubular cells from
the peritubular medium has been demonstrated. When glycine
[861, serine [93], or cystine [941 are present in the bathing
solution but not in the lumen of isolated perfused proximal
straight tubules, it is found that these amino acids are accumu-
lated actively into the cells across the peritubular membrane.
(Uptake across the apical membrane is precluded by the fact
that the lumen is simultaneously perfused with amino acid-free
solution at a rapid rate.) Active peritubular uptake, at least for
glycine [89], was not observed in the isolated convoluted
tubule. The presence of active peritubular uptake is an impor-
tant finding because it could favor aminoaciduria if the normal
absorptive site were inhibited or if the luminal membrane were
to become more permeable to amino acids. Active peritubular
cystine accumulation (as cysteine intracellularly) may be re-
sponsible for the net active cystine secretion observed in some
cystinuric patients [88, 94]. In this situation, the luminal mem-
brane would have to become more permeable to passive
cysteine effiux from the cells than the basolateral membranes so
that accumulated cystine would exhibit net movement into the
lumen. We have observed that the luminal membrane is virtual-
ly impermeable to glycine under normal conditions [89]. Conse-
quently, most of the observed backleak of glycine must occur
through junctional complexes. The presence of an increase in
luminal membrane amino acid permeability could thus be an
important ingredient in the genesis of certain aminoacidurias.
Summary. In this review we attempted to point out some of
the more unique transport characteristics of the pars recta. The
proximal straight tubule shares many of the characteristics of
the convoluted segment: It exhibits very high hydraulic and
electrical conductivities, apparent isosmotic volume absorp-
tion, and active, electrogenic sodium absorption. It is likely
that, due to differences in solute reflection coefficients, the
asymmetrical distribution of anions and organic solutes in the
late proximal nephron may lead to a difference in the absolute
osmolality of the tubular fluid. However, the asymmetrical
solute distribution would create very little "passive" volume
absorption since any effective osmolality difference would be
rapidly obliterated due to the high water permeability. As in the
earlier portion of the proximal nephron, volume absorption
must be largely dependent on continued active solute absorp-
tion that creates an effectively dilute lumen. Finally, we have
pointed out differences in the transport of organic solutes by the
proximal convoluted and straight tubule. Although the proximal
straight tubule has a lesser capacity to absorb glucose and
amino acids, the higher affinity of the transport sites and the
lower backleak in this segment allow the development of lower
luminal concentrations that are essential for the nearly com-
plete reabsorption of these substrates.
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